Abstract : In virtual reality (VR) technology, force feedback/display devices are expected to enhance fine sensation and contribute to the user's immersive experience. This is particularly true for glove-type devices. Force display gloves, however, do not have a specific numerical value to indicate display accuracy. In this paper, we report the results of sensory testing and analysis with VR cylindrical objects using a passive-type force display glove. The size discrimination threshold for grasping was determined to be smaller than the nominal average error of the device; however, the threshold was larger than either the actual accuracy of the device or the threshold from an organoleptic test of a barehanded human. We have also identified the possible superimposition of the sensory accuracy errors of the operator with those of the glove. Despite this finding, we have determined that the device shows adequate accuracy for representing cylindrical objects during specific grasping tasks.
Introduction
As information technology progresses, communication of information between the user and the computer is becoming increasingly complex. Attention has been focused on VR (virtual reality) as a means to understand the information being transmitted between user and computer. In recent years, research into force sensations and the sense of touch has advanced considerably in the VR field, with and without the use of the visual and aural faculties. The human-machine interface using force feedback received from an object or environment has been suggested as an effective tool for enhancing realistic sensations for use in professional training, rehabilitation, medical care, amusement systems, etc. [1] - [3] . In addition, a force display interface can not only obtain information but also interact directly with VR space. The display of force sensation for the manipulation of objects in VR space will enhance both the feeling of immersion and finer sensation, which may result in improvements in work efficiency.
Various devices can be used to display force, including tool grasping (stylus) devices [4] , encountered devices [5] , and glove-type devices [6] - [9] . Glove-type devices can be used for grasping and manipulating a VR object; they increase the user's degrees of operational freedom and make the behavior in the VR space seem closer to that experienced during the typical activities of daily life.
Force display gloves, however, do not have a specific numerical value for display or measurement accuracy. Neither of these variables can be evaluated in the form of a hardware specification such as the maximum displayable force or the finger position resolution. Excessively large errors in the display of a VR object will produce a different grasping sensation from that expected from the desired object. In contrast, an overly high ac-curacy for the glove system will lead to greatly increased costs. The prospective magnitude of the error can be determined based on whether the glove operator can feel the difference made because of the error.
We therefore conducted an organoleptic examination of the human ability to discriminate between grasping sizes, and then determined the size discrimination threshold for the grasping of cylindrical objects [10] . In this paper, we report on sensory testing and analysis in grasping VR cylindrical objects. Verification experiments were conducted to identify the size discrimination threshold using VR cylindrical objects with a passivetype VR glove that we developed. We have also reported the features of the passive force display glove that was used in the test and the results of evaluation of its accuracy. Comparison of the experimental VR discrimination thresholds with actual human perception was also performed. The data reported in this paper identified human sensitivity in the VR space for the purpose of designing new VR gloves and applications.
Passive Force Display Glove System

Structure
Passive-type force display devices work by exerting resistance against movement and/or force produced by the operator. If the passive display system fails or suffers a loss of control, the device cannot move by itself, and thus will not produce a harmful outcome [11] , [12] .
Therefore, we developed a glove-type passive force display device using brakes as passive elements. The passive force display glove (PFDG) that we developed is shown in Fig. 1 [8] , [10] . For ease of procurement and set-up, the components of the PFDG were glued to a commercially manufactured working glove that was made from polyurethane fiber. The wrist section of the PFDG had a joint that was connected to the support arm mechanism for weight compensation and for extension into three dimensions. The weight of the PFDG was 0.95 kgf. The displayed force was generated using electromagnetic brakes via linkages that transmitted the flexion or extension movement of the operator's fingers to the rotary movement of the brakes. If the brake was set to "ON" when the operator decided to bend their fingers, they would not be able to do so because the linkages were locked by the brakes. As a result, the operator would then feel a sense of force similar to that during the act of grasping an object. The linkages were designed for high mechanical stiffness and good force coordination: to decrease the force to P 3 shown in Fig. 2 with a simplified schematic, to increase the normal force to the finger cushion at P 4 , and to decrease the lateral force to the finger cushion.
Sensors
Two sensors were introduced into the PFDG to measure the bending angles of the user's fingers. Miniature potentiometers (PVS1, Murata Manufacturing Co., Ltd., Kyoto, Japan) were affixed to the brake axes to measure this angle φ 0 as shown in Fig. 2 . Bending sensors (FS-L, Spectra Symbol, Salt Lake City, Utah, USA), in which the resistance varies relative to the flexion of the sensor, were also attached at the back of the metacarpophalangeal (MP) joints (the first joints of each finger, excluding the thumb) to sense the angle θ 1 ; another sensor was also attached to the palm side of the MP joints. The bending angles of the proximal interphalangeal (PIP) joints (the second joints of each finger), θ 2 , were calculated using these two types of angle sensors. Each of the four distal interphalangeal (DIP) joints (the third joints of each finger) moves in flexion synkinesis with its corresponding PIP joint, enabling angle estimation based on the PIP angle. The displacement of the PIP angle of the thumb was given as zero because its movement was so small during natural grasping as to be negligible. In this study, the lateral pinch grasp was neglected, but the opposition posture of the thumb was considered.
The glove also had sheet-type force sensors (FlexiForce, Nitta Corporation, Osaka, Japan) in contact with each finger cushion to measure the grasping force. Using these force sensors, the grasping condition of the VR objects could be detected.
Data received from the angle sensors and the force sensors were input into a personal computer (PC) through an analog- 
Precision of VR Cylinder Display
Calculation of θ 2
A side view of a simplified schematic of the PFDG linkages is shown in Fig. 2 again. Definitions of the symbols are provided in Table 1 . While the angle of the MP joint θ 1 could be measured directly, the angle of the PIP joint θ 2 was calculated from θ 1 and φ 0 . The angle of the DIP joint can then be presented as 2 3 θ 2 as shown in the angle at P 2 because the PIP joint causes bending of the DIP joint during natural gripping motion [13] .
To find θ 2 , kinematic equations for the linkage were derived as follows: 
Here, each vector is the position vector of the point as shown in Table 1 . While θ 2 could not be found by inverse kinematics, it could be determined by numerical analysis. Based on the above equations, θ 2 should satisfy the following minimization problem.
To solve (11), combinations of φ 0 , θ 1 and θ 2 were run through a full-search optimization. Concretely, definitions of φ 0 , θ 1 and θ 2 were set to 0
• to 180
• . Then, the θ 2 minimizing the value of (11) at each φ 0 and θ 1 was fullsearched and stored. Figure 3 shows optimal combinations of (φ 0 , θ 1 , θ 2 ).
Wearing the PFDG, φ 0 was measured as φ 0 = 160 • at the initial orientation (θ 1 = 0
• , θ 2 = 0 • ) in which the finger was stretched. The area indicated by the dotted circle indicates the initial orientation of the finger. As the finger was bent gradually from its initial condition, θ 1 and θ 2 increased and φ 0 decreased. These angular changes are the same as those measured during grasping with the PFDG. Therefore, the area within the solid line is presumed to indicate combinations of angles at which the finger stretches and bends. The angle θ 2 , therefore, was estimated properly.
For the PFDG, θ 2 values corresponding to φ 0 and θ 1 were stored and interpolated. While θ 2 was calculated based on θ 1 and φ 0 , Δθ 2 = ±3.7
• .
Algorithm to Calculate r and Verification Test
Here, we assume the representation of a cylindrical-type VR object. When the operator bent their fingers and touched a cylindrical VR object, adequate force was displayed by the PFDG. Whether the operator touched the object was determined by whether the radius of the grasping form was smaller than that of the object.
The algorithm suggested in [10] is described as follows using the side view of a hand model shown in Fig. 4 . The cylindrical VR object that is grasped by the operator has its center O on an axis beneath the operator's palm. The radius of the object is denoted by r. Point A, point B and point S are positioned on the surface of the palm such that they correspond to the MP joint, the PIP joint, and the DIP joint, respectively. The lengths of the corresponding finger surfaces between each joint are defined as 1 , 2 , and 3 , respectively. The link 1 is divided into A and B at the point of contact P. The angle of the MP joint is defined as θ 1 and the angle of the PIP joint is defined as θ 2 , as shown in the figure.
Here, r can be calculated geometrically as follows:
The radius could only be determined as a function of the joint angles of the finger, θ 1 and θ 2 . The other parameters were based on the length of an average finger [14] . Therefore, we needed to measure the angles of the MP joint and the PIP joint only to display a specific cylindrical object. However, noting that the length of the finger surface on the palmar side ( 1 ∼ 3 ) decreases with increasing bending of the finger, the radius of the contacting cylindrical object, r, was then calculated as follows:
Here, is the distance between the rotational axes of the MP joint and the PIP joint, h 1 is the thickness at the location of the MP joint, and h 2 is the thickness at the location of the PIP joint [10] . The average error, Δr, was obtained using the law of error propagation, as shown below:
Using the catalogue values for the sensor, the results of sensor calibration and the measurement variability were determined as follows: Δθ 1 = ±3.5
• , Δθ 2 = ±3.7
• , Δl = ±0.19 mm, Δh 1 = Δh 2 = ±0.50 mm. Δh 1 and Δh 2 were estimated based on the minimum scale of the slide gauge. The mean error for r could therefore be estimated as a nominal value by the area-avaraged method in the rage of Fig. 5 : Δr n = ±2.4 mm. This average error can be considered to be the variability when presenting the same VR object many times under identical conditions. This error is an indicator of accuracy. The average error results for grasping are shown in Fig. 5 . The average error rate was about 8% around r = 30 mm for the proposed algorithm, indicating that it improves accuracy compared with a previous algorithm [7] .
Precision Verification by Presenting a VR Object
To verify the estimates of θ 2 and r, we presented a VR cylinder with the PFDG using the following method. A rigid VR cylinder was presented to the operator without graphical drawing: the target radius was input, φ 0 and θ 1 were measured, θ 2 and r were calculated, and the brakes were energized if r reached the target radius. Figure 6 shows the transitions between the estimated radius and the finger joint angles of the index finger at a target radius of 20 mm (40 mm in diameter). The figure shows θ 1 and θ 2 increased independently. When the calculated radius reached 20 mm (after about 4 s), the brakes turned on; thereafter, θ 1 and θ 2 were maintained at the same approximate values. The radius r followed a similar pattern, and had an average variation of Δr = 0.72 mm after braking.
This test verified that a VR cylinder of the target radius was presented on this VR system. However, it was not established that the radius of real grasping was the same as the radius calculated by the system. Thus, a test to verify the nominal error in the display of the VR cylinder was performed as shown in Fig. 7 . The operator softly grasped a 40-mm-diameter VR cylinder virtually while he physically grasped a piece of clay wearing the PFDG. The clay was suitably soft and did not deform elastically. When the operator felt the brakes turn on, he released the VR cylinder and, consequently, the deformed clay. Then, the diameter of the clay was measured using a slide gauge to determine the actual diameter of the VR cylinder.
The average error of the displayed value (clay cylinder) relative to the desired value (VR cylinder) measured over five tests was 1.52 mm (cf. Table 2 , 0.76 mm in radius, that is, Δr dev = 0.76 mm) and the maximum error was 2.7 mm. Given that the nominal error Δr n = ±2.4 mm calculated from Eq. (14), the average displayed error was thus within the nominal error range and supported the result of Δr = 0.72 mm in the previous test. Therefore, the PFDG system and the proposed algorithm can display VR cylinders accurately.
Threshold Test for Grasping Diameter
Purpose
The previous test investigated one type of display error of the device. However, the threshold for size discrimination when grasping a VR object was not identified. Outstanding issues included whether or not Δr was small enough, whether the size discrimination threshold is applicable to VR objects, and the situation in which the threshold does not change even when the user is wearing a VR glove.
We therefore performed verification experiments to clarify the size discrimination threshold. We also verified the threshold while taking into account the error in display of VR objects, and then discussed the design and potential applications of the PFDG system.
Method
The experimental subjects comprised ten people, including nine males and one female, who were between the ages of 21 and 24, were right-handed, and had no impairments.
The VR objects used in the experiment were 11 different cylinders with diameters ranging from 37 mm to 47 mm at 1.0 mm intervals. It has been previously reported that the cylinder diameter that the average human can grasp easily is about 40 mm [15] , so we set this as the diameter of the standard stimulus. We varied the comparison stimulus from 37 mm to 43 mm and from 45 mm to 47 mm. To verify the effect of the variation of the standard stimulus, the comparison stimulus diameter was also set at 41 mm while the standard stimulus was 37 mm in diameter. Deviations in diameter from 0 mm to 3 mm were tested 6 times each, while deviations between 4 mm to 7 mm were tested 4 times each in a random order. We conducted 40 trials total for each subject.
During the experiments, each subject was seated, wore the PFDG in their right hand, and had their eyes closed. To compensate for the weight of the PFDG, the glove was suspended using a support arm as shown in Fig. 8 . Each subject kept their arm stretched horizontally and then grasped a VR cylinder. This positioning resulted from the connector mechanism for the support arm and the PFDG. All of the experiments were conducted using a power grip style.
The experimental methodology used a two-point discrimination method that was based on the constant method.
The flow of the experiment is described below.
1. We presented a standard stimulus to the subject.
2. The subject bent his fingers softly and slowly to grasp an object. After the brakes activated (when the grasping radius r reached the target value), the subject kept his grasp until instructed to "stop grasping" (about 10 seconds).
3. We asked the subject to open their hand once.
4. Next, we presented a comparison stimulus to the subject in the same manner as the standard stimulus was presented.
5. Finally, we asked the subject to compare the size of the Fig. 8 Threshold test in VR space.
two objects using a four-point scale: "larger", "the same", "smaller" and "indistinguishable".
This sequence of events was considered a single trial. Between each trial, we instructed the subject to clasp and unclasp their hand three times to reduce any residual grasping sensation from the previous object.
Results
The overall correct answer rate for the subjects is shown in Fig. 9 . The standard deviation that was obtained from the results is shown on the same graph.
The experimental results can be summarized as follows:
• As the difference between diameters increased, the correct answer rate increased.
• When the difference in diameter was 0 mm to 2 mm, the correct answer rate was less than 30%.
• The correct answer rate was highly variable for differences in diameters between 2 mm and 4 mm.
• When the difference in diameters was 4 mm, the correct answer rate was 72.5%. A 6-mm difference in diameters led to a correct answer rate of 80%. Therefore, most subjects could recognize variations in diameter greater than 4 mm.
• When a different standard stimulus was used with a 4-mm comparison stimulus diameter difference, the correct answer rates were similar.
To ascertain whether or not these differences are significant, multiple comparisons of the correct answer rates were made between subjects and the stimulus diameters using Tukey's test at a 5% significance level as shown in Table 3 . Pairwise comparison for each pair of diameters revealed a significant difference between correct answer rates for diameter variations of 3 mm Fig. 9 Discrimination test results for VR object sizes with approximation curve using a sigmoid function. and 4 mm. However, no significant difference was found between subjects. We approximated the results using a sigmoid function. These results are also shown in Fig. 9 . We set a threshold chance level of up to 75%. We found that there was a discrimination threshold at which humans can distinguish between the sizes of VR cylinders. This threshold falls at a diameter difference of approximately 4.2 mm, meaning Δr VR = 2.1 mm.
Discussion
Based on (14), we achieved a nominal accuracy of up to Δr n = ±2.4 mm for the PFDG. Higher accuracy was also shown in the experiments performed with the PFDG: Δr dev = 0.76 mm. Additionally, the threshold of size discrimination when grasping a VR cylinder using the PFDG was found to be Δr VR = 2.1 mm. In comparison, the threshold of discrimination that was obtained from an organoleptic examination while gripping a real cylindrical object with a bare hand was Δr h = 0.9 mm [10] , and also was around 0.75 mm in the reference [16] .
Here, we consider simple error superimposition Δr dev +Δr h = 1.7 mm. The value approximates the discrimination threshold for the VR cylinder (Δr VR = 2.1 mm). Therefore, the human discrimination threshold and the error of the device in the display may be superimposed when the operator grasps a VR object with the glove-type VR device.
Because the PFDG can demonstrate force by braking only, the operator can squeeze the VR object over its surface. From a device construction viewpoint, this characteristic will cause the force display accuracy to deteriorate. Alternatively, measures such as enlargement of the braking torque or improvement of the accuracy of θ 1 , which strongly affects Δr, can be expected to produce higher overall accuracy. In doing so, the grip sensation when using the PFDG will closely mimic that of one's bare hand.
In the design phase, however, theoretical or nominal accuracy is not the same as the displayed accuracy of VR objects. Testing of the displayed accuracy determined that the correct answer rate for a diameter difference of 4.2 mm was 75%, while the rate for a diameter difference of 6 mm was 80%. Therefore, almost all test subjects could discern that the two VR objects were of different sizes when the difference in diameters was greater than 4 mm. The VR-STEF system, described in previous studies [17] as an application of the PFDG to evaluate the motor function of post-stroke patients, used large-, middleand small-sized balls and cubes. Because these objects had size variations of more than 4 mm, the PFDG could be applied in this system. Higher accuracy demands should be considered in the design phase of the hardware.
Conclusions
In this paper, we detailed the features of our PFDG and its associated algorithm for displaying a cylindrical VR object. We then reported the results of sensory testing and analysis using VR cylindrical objects.
From the results of differential threshold testing of the grasp diameter, we found that subjects could clearly perceive a difference between two VR objects when the diameter difference was more than 4 mm. This result implies the possibility of superimposition of the sensory accuracy of the human operator on the grasping and display accuracy of the glove-type devices.
The size discrimination threshold obtained from the sensory evaluation of grasping sensation can be used as a target value for the design of both the force display glove and the control algorithm, or for the design of applications based on the device. Because the methods that were used to display or verify the VR objects that we reported are not dependent on the hardware construction of the device (rather, they are dependent on the structure of the human hand), these methods can be adopted for other glove-type devices.
In future work, we intend to carry out size discrimination threshold experiments using object forms other than cylinders and additional types of grasping. We also plan to investigate how a visual stimulus affects discrimination thresholds, as many researchers have reported that the visual stimulus is superior to the haptic stimulus in human sensation [18] , [19] .
